P olysialic acid (PSA) is a vertebrate-specific carbohydrate comprising α2,8-linked sialic acids that is present predominantly in the developing brain. Long chains of PSA sugars can cap off the glycans of select proteins, and these repetitive conjugates introduce a high negative charge. This unusual carbohydrate was identified almost three decades ago and has since attracted strong interest from biochemists, cell biologists, and neurobiologists alike (1, 2) . This is not surprising, because the analysis of PSA provides key insights. These include how unusual glycans are synthesized, how carbohydrate conjugation of proteins can be so specific, and how these modifications then function in developmental processes.
Polysialic Acid Has Important Developmental Functions
The biological roles of polysialylation in the nervous system have been studied almost exclusively in relationship to its major known target, the neuronal cell adhesion molecule (NCAM). NCAM is present on the surface of neurons, and participates in their cell-cell interactions, binding to the extracellular matrix, and in some instances serves receptor-like functions (3, 4) .
Another substrate for PSA in the nervous system is a voltage-gated sodium channel, although the function of its modification is unclear. In contrast, modification of NCAM with PSA is known to interfere with its adhesive interactions. PSA is added to the termini of NCAMlinked carbohydrates in the Golgi apparatus by two polysialyl transferases: St8SiaIV and St8SiaII. Interestingly, double-knockout mice lacking both of these enzymes display significant defects in the growth of axons and their targeting and exhibit perinatal lethality. In addition, the PSA modification of membrane proteins in neuronal progenitors is required for normal migration during early brain development. These results underscore the importance of PSA in the development of neuronal networks and brain function. NCAM is a key site for PSA modifications, because the additional loss of NCAM in these polysialyl transferase knockout mice reduces the severity of these phenotypes. The deficits after PSA loss may therefore be due, at least partially, to a gain-offunction effect of unmodified NCAM, suggesting that polysialylation negatively regulates this adhesion molecule in vivo. Notably, however, the severe phenotypes in the polysialyl transferase knockouts are not phenocopied by NCAM loss, which results in altered axonal projections and deficits in spatial learning, among other effects (3) . This pointed to NCAMindependent roles of PSA modification. Consistent with the presence of other substrates, some protein-conjugated PSA is still detectable in NCAM mouse knockout brains. Furthermore, PSA is
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expressed into adulthood in brain regions undergoing synaptic plasticity, indicating developmentally diverse roles that may be exerted by a combination of proteins carrying polysialic acid. However, the nature of such substrates remained elusive.
SynCAM 1 Is a Target for Polysialylation
In PNAS, Galuska et al. (5) report the purification of polysialylated molecules from the brains of NCAM knockout mice. Using a glycoproteomics approach, they unexpectedly identify the synaptic cell adhesion molecule 1 (SynCAM 1) as a unique PSA target and demonstrate that it is polysialylated not only in NCAM knockouts but also in wild-type mice. SynCAM 1 and NCAM are neuronal membrane proteins that share several properties: both belong to the superfamily of Ig proteins and both function as cell adhesion molecules. In contrast to NCAM, however, the main roles of Syn-CAM 1 in the central nervous system lie in organizing excitatory synapses. It contributes to this process through interactions across the nascent and mature synaptic cleft (6, 7) . SynCAMs are a small protein family expressed throughout the developing and mature brain that engage in specific homo-and heterophilic interactions. Previous studies have highlighted that posttranslational modifications of SynCAM 1 follow unique developmental patterns, resulting in a molecule that carries its own protein weight in carbohydrates (8) . Three N-glycosylation sites map to the first Ig-like domain of Syn-CAM 1 that mediates cell adhesion, and carbohydrate modifications can alter SynCAM adhesion (8) . The results of Galuska et al. now show that a fraction of SynCAM 1 is polysialylated in the early postnatal brain. Its modification occurs at one site in the first Ig-like domain and is catalyzed by the polysialyl transferases ST8SiaII and ST8SiaIV. Functionally, the conjugation of PSA to SynCAM 1 Nlinked glycans blocks its homophilic, and possibly heterophilic, interaction. PSA likely interferes with SynCAM 1 adhesion by masking the Ig domain binding sites, perhaps adding high amounts of hydrated sugars that cause steric constraints, or through electrostatic repulsion. This polysialylation of SynCAM 1 is markedly reduced later in development even though its protein expression levels remain high, suggesting that the extent of its PSA modification is tightly regulated. This is reminiscent of the changes of NCAM, which is predominantly modified with PSA in early development. This suggests that PSA could be a developmental modifier of the adhesive functions of both molecules in the brain.
This study does more than identify a second brain adhesion molecule that carries PSA and that can participate in its functions. Galuska et al. additionally show that PSA-SynCAM 1 is expressed in a particular cell population called NG2 + cells, which are marked by the proteoglycan NG2. These cells constitute an interesting class of progenitors that can differentiate into oligodendrocytes or astrocytes (9) and can also give rise to neurons (10) . Moreover, undifferentiated NG2 + cells form highly unusual synapselike connections with neurons, which allow them to receive excitatory synaptic inputs similar to neuronal cells (11) . Considering its roles in neurons, it is tempting to speculate that SynCAM 1 also serves synapse-organizing functions in NG2 + precursor cells.
These findings raise a number of questions. For instance, what are the molecular properties that convey the remarkable specificity of polysialyl transferases for NCAM and SynCAM 1 (12)? In addition, it can now be addressed whether functionally diverse species can be generated from SynCAM 1 by selective PSA modification. The neurobiological implications of these results are intriguing as well. It has been known that SynCAM 1 drives the formation not only of synapses between neurons but also of presynaptic terminals onto nonneuronal cells in a reconstituted coculture system (6) . Although the subcellular distribution of SynCAM 1 in NG2 + cells remains to be determined, its presence in these progenitors would be consistent with analogous synapseorganizing functions at their neuro-glia synapses. As counterweight to the synapse-inducing functions of SynCAM 1, an increase in PSA-carrying SynCAM 1 may in turn mediate the breakdown of neuro-NG2 + cell synapses through introducing steric repulsion. This tentative role of PSA-SynCAM 1 in synapse elimination may be a mirror image to the ectopic synapse formation that follows when PSA is removed from neuronal axons (13) . A loss of synaptic input onto PSA-SynCAM 1 expressing NG2 + cells could in turn initiate their differentiation as glutamatergic excitation limits their ability to divide and develop (14) . This may provide PSA with an instructive role in cellular differentiation. Considering the general roles of PSA in progenitor migration, the polysialylation of SynCAM 1 in NG2 + cell could additionally function in their migration once differentiation has been initiated. These findings will spark new investigations by biochemists interested in posttranslational protein modifications and by neurobiologists who study the development of the intricate cellular connections in the brain.
